This paper describes the experimental study of impact testing and permeability testing of CFRP laminates for application of propellant tanks considering the reliability of the tank structures associated with foreign object impact damage. Three types of quasi-isotropic laminates with different laminate thickness were prepared and subjected to transverse impact tests, nondestructive inspections, and helium gas permeation tests in series. Transverse impacts induced delaminations, matrix cracking, and fiber breakage, which caused severe through-thickness gas leakage. Effects of impact energy and laminate thickness on the permeation-after-impact properties are discussed, and the critical damage mode controlling the severe gas leakage is identified.
Introduction
A wide application of composite materials is one of the major technical challenges for the dramatic reduction of structural weight of the future expendable and reusable space launch vehicles (ELV/RLV) 1) . Propellant tanks are the dominating structural components of the vehicle structure, and thus the application of carbon fiber-reinforced plastics (CFRP) composites to these components is one of the most promising technologies for achieving the goal of weight reduction.
As CFRP laminates are susceptible to microscopic damages (e.g. microcracking, delamination) due to thermomechanical loadings and foreign object impacts, characterization of microscopic damages is very important for composite tank structures. In addition, the accumulation of these microscopic damages that are, in general, barely visible might engender detrimental propellant leakage resulting in a serious threat to the vehicle, especially if a tank is to be unlined. Therefore, leakage or permeation characteristics of the damages of CFRP laminates is necessary for the safety and the reliability of the composite tanks 2) . Especially, as the falling ice or tool induces impact damages in CFRP tank structures, quantitative investigation of determining how much permeability may occur after impact events contributes to the development of composite tanks. This study deals with the gas permeability of CFRP laminates subjected to foreign object impacts, which is referred to as permeation-after-impact herein.
In this paper, experimental assessment of permeation-after-impact properties of carbon fiber/toughened epoxy laminates for use on propellant tank is reported. Three types of quasi-isotropic laminates with different laminate thickness were prepared and subjected to transverse impact tests, nondestructive inspections, and helium gas permeation tests in series. Effects of impact energy and laminate thickness on the damage accumulation and the permeation-after-impact properties are discussed.
Experimental Procedure
Experimental program contained impact tests, ultrasonic inspections for evaluation of accumulated damages, gas permeation tests of CFRP laminates at room temperature. In addition, some specimens were subjected to X-ray CT scanning for detailed damage inspection. Each experimental procedure is summarized in the following sections.
Specimens
The material system used in this study was MR50K/#1063EX, intermediate modulus carbon fiber and toughened epoxy system, supplied by Mitsubishi Rayon Co., ltd. The fiber areal weight of the prepreg was 145 g/m 2 and the nominal resin content was 32 wt%. The nominal ply thickness was 0.14mm. 4S , were prepared in order to study the effect of laminate thickness on permeation-after-impact properties. The resulting volume fractions of the carbon fiber were estimated as about 60% for all laminates.
The size of the specimens was referred to the compression-after-impact test method 3) standardized by SACMA. Specimens with 150mm length and 100mm width were cut from the fabricated panels so that 0 o direction coincided with the longitudinal direction. More than eight specimens were prepared for three laminates. The prepared specimens were checked by visual inspection and ultrasonic inspection prior to the impact tests, which indicated good quality of the specimens.
Impact test
Transverse impact tests of CFRP laminates were carried out in reference to SACMA SRM-2 3) . Impact loading was applied using a drop-weight type machine, Instron Dynatup 9250, with a hemispherical impactor (diameter: 15.9 mm, weight: 5.065kg) and a support steel base containing a rectangular cutout of 132 mm length (0 o direction) and 76 mm width. The impact energy per thickness was set to be 1.7J/mm to 6.7 J/mm. Note that the impact energy was defined simply as the product of the weight and the drop height of the impactor. The apparatus of the impact test is shown in Fig. 1 . Time history of the impact load and position of the impactor was recorded. 
Ultrasonic inspection
Damage inspection of all the post-impact specimens was performed using an ultrasonic flaw detector (SDS5400R, Krautkramer) with a 5MHz probe for 
Permeation test
Permeability measurement of the impacted specimens using gaseous helium and a helium leak detector was conducted at room temperature. Steel leak measurement fixtures (gas supply and evacuation) were attached and clamped to the specimens using rubber O-rings. The covered area (about 60mm square) was enough large compared to damaged areas. Helium gas was supplied to the bottom side of the specimen; the upper side was connected to the helium leak detector (MSE-2000; Shimadzu) and subjected to a vacuum condition. The pressure difference was set as 0.1MPa. The schematic and apparatus of the permeation test are shown in Fig. 2 . As the diffusion-controlled permeability of CFRP laminates is not critical compared to damage-induced permeability 4) , the latter permeability is focused on in this study. The damage-induced permeability exhibits sudden substantial gas leakage and steady-state leakage quickly when helium gas is applied to the specimen. Therefore, helium gas leak rates just after the gas supply were recorded.
X-ray CT scanning
After permeation tests, some specimens were subjected to X-ray CT scanning (TOSCANER-30000hd, Toshiba) using ZnI 2 penetrant. Cross-sectional damage inspection perpendicular to longitudinal (0 o ) direction was carried out near the impact points. Detailed inspection using this method resulted in the identification of the inner microscopic damages and leak paths in the impacted laminates. specimens subjected to 5.4J/mm impact. Note that thin laminates tended to exhibit ellipsoidal delaminations in the manner that the major axis coincides with the crack direction in the surface opposite to the impact point, as shown in Fig.  3(b) . Projected delamination areas were measured using the ultrasonic C-scope images, and the relationship between the applied impact energy per thickness and the projected delamination area is summarized in Fig. 4 . This figure indicated that laminates with thinner total thickness exhibited smaller delamination areas than thicker laminates when the experimental data are compared at the same applied impact energy per thickness. This is because thinner laminates absorb more impact energy as elastic deformation. It can be concluded that thick laminates are susceptible to large delaminations due to transverse impact. Fig. 4 Relationship between the applied impact energy per thickness and the projected delamination area
Permeation-after-impact properties
Intact laminates (laminates prior to impact test) exhibited almost no leakage (below 10 -8 Pa m 3 /sec) and impacted specimens revealed delamination accumulations but almost no leakage when the applied energy levels were low. However, laminates subjected to high impact energy exhibited large delamination formation and severe helium permeability (more than 10 -6 Pa m 3 /sec). The relationship between the applied impact energy per thickness and permeability is summarized in Fig. 5 . When permeation-after-impact results are compared among three laminates at the same applied impact energy per thickness, [45/0/-45/90] 4S laminates are less susceptible to gas permeation and have higher impact threshold for leakage. This tendency is contrary to the experimental results of delamination area. Thick laminates exhibited larger delamination area but higher impact energy threshold than thin laminates.
In order to investigate the relationship between the accumulated damages and the permeability-after-impact, helium leakage is plotted as a function of the projected delamination area in Fig. 6 . Laminates with small delamination areas exhibited almost no leakage and there seems to be critical delamination area for the permeability. This relationship may be useful for the diagnostics of structural integrity of composite tanks, especially for the case of reusable structures. However, some delaminated specimens exhibited severe leakage, whereas other specimens with almost identical delamination area ). In addition, the critical delamination areas depend on laminate thickness. Further investigations are necessary for the conclusion of the relationship between the inspected damage and the permeability.
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Leak paths
In order to identify the difference whether impacted specimens exhibited severe leakage or no leakage, detailed damage observation using X-ray CT scanning was conducted. Inspection results in the plane perpendicular to longitudinal (0 o ) direction including the centroid of specimens are shown in Fig. 7 . Upper figure indicates the result of [45/0/-45/90] 4S specimen subjected to 6.6 J/m impact exhibiting severe leakage, and the lower figure corresponds to [45/0/-45/90] 4S specimen subjected to 5.4J/mm impact exhibiting no leakage. Note that white regions indicate damages (cracks, delaminations, and fiber breakage). In the case of laminates exhibiting severe leakage (see Fig.7(a) ), microscopic damages are connected each other, and through-thickness leak path formation can be identified. In contrast, laminates with no leakage contain many cracks and delaminations, but through-thickness connection of damages can not be observed. Specifically, no fiber breakages near the impact point are observed in the latter case. These results suggest that it is highly dependent on through-thickness damage accumulation behavior (or accumulation of microscopic damages near the impact point) whether impacted laminates exhibited severe or no leakage. It can be concluded that the critical damage mode for severe gas leakage of CFRP laminates subjected to foreign object impact is the fiber breakage (or fiber buckling) in the compressive region near the impact points. 
Conclusions
Experimental characterization of damage accumulation and permeability of impacted carbon fiber/toughened epoxy laminates for use on propellant tank was reported. Three types of quasi-isotropic laminates with different laminate thickness were prepared and subjected to transverse impact tests, nondestructive inspections, and helium gas permeation tests. When the experimental results were compared in terms of impact energy per thickness, it was shown that thick laminates exhibited larger delamination area but higher impact energy threshold for gas leakage than thin laminates. In addition, certain degree of correlation between the inspected delamination area and gas permeability was confirmed. Although further investigations are necessary for the conclusion of the relationship between the inspected damage and the permeability, the measured results in this study (permeation-after-impact properties, etc.) are useful for the diagnostics of structural integrity of composite tanks.
